A Review of Electromagnetic
Compatibility /Interference Measurement

Methodologies

MARK T. MA, FELLOW, 1EEE, MOTOHISA KANDA, SENIOR MEMBER, 1EEE, MYRON L. CRAWFORD,
SENIOR MEMBER, IEEE, AND EZRA B. LARSEN, MEMBER, IEEE

Invited Paper

This paper presents a review summary of radiated emission and
susceptibility measurement methodologies currently used for
assessing the electromagnetic compatibility/interference
(EMC/EMI) characteristics of electronic devices and systems. In
particular, measurement methods using open sites, transverse elec-
tromagnetic (TEM) cells, reverberating chambers, and anechoic
chambers are discussed, in light of their technical justifications and
bases, their strengths and limitations, and interpretation of the
measured results.

. INTRODUCTION

Electromagnetic compatibility/interference (EMC/EMI)
may not be household words yet, but their effects are

apparent in almost every place because of the prolific use -

of electronics and digital circuits in products such as televi-
sion sets, personal computers, microwave ovens, and auto-
mobiles. Over the years, several terms have been used to
connote the electromagnetic environment such as radio
frequency interference (RF), radio noise, electromagnetic
poliution, EMC and EMI. The [EEE Dictionary defines EMC
and EMI as follows [1]:

EMC: The capabiiity of electronic equipment or systems'

to be operated in the intended operational electro-

magnetic environment at designed levels of ef-

ficiency.
EMI: impairment of a wanted electromagnetic signal by
an electromagnetic disturbance.

One of the first recorded cases of EMI was documented
in 1927 by the Federal Aviation Agency [2). They observed
an aircraft altimeter was giving faulty readings and the
problem was caused by interference generated by the igni-

tion systemn of the airaait. The first EMC military standard
was published in 1945, entitled “Interference Measure-
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ments, Radio, Methods of 150 kc to 20 Mc (for components
and complete assemblies)” 3],

Some electronic equipment such as transmitters are de-
signed to supply radio-frequency (RF) power at selected
frequencies to antennas, from which the signal is radiated
intentionally. Signals which may also radiate other than at
the intended frequencies are undesirable and called spuri-
ous emissions, a form of EMI. Other electronic equipment
such as computers are designed to function as nonradiators.
Ideally, a computer will perform its tasks and all signals
generated within the system will be contained and not be
radiated; however, some of these internal signals are not
totally contained and are radiated as EMI.

The process of establishing electromagnetic compatibility

(EMQ) with electronic equipment usually requires two steps.
The first step is to make measurements to determine if any
undesired signals being radiated from the equipment (radia-
ted EMI) and/or appearing on the power lines, control
lines, or data lines of the equipment (conducted EMI)
exceed limits set forth by the using agency.
" The second step is 10 expose the electionic equipment Lo
selected levels of electromagnetic (EM) fields at various
frequencies to -determine if the equipment can perform
satisfactorily in its intended operational environment. Ex-
posing the equipment to EM fields of various strengths is
referred to as susceptibility or immunity testing.

The fimits or requirements set forth for EMC testing are
usually established by regulatory agencies such as:

1) Federal Communications Commission (FCO), USA,

2) Department of Defense (DoD), EMC Military Stan-

dards,

3) Interdapartmental ﬁpprml Committee on Radio Inter-

ference (IRAC), USA,
4) National Center for Devices and Radiological Health
(NCDRH), USA,

5) Verboard Deutscher Elektrotachniker (VDE), West
Germany,

6) other foreign agencies.
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In addition to the specifications by these regulatory
agencies, there are a number of voluntary EMI standards
available for use. These standards are usually published by
professional organizations that utilize the expertise of many
who donate their time and effort in the preparation of
documents. A few examples of these organizations are:

1) American National Standards Committee C63 on Ra-
dio-Electrical Coordination,

2) American National Standards Committee C95 on RF
Radiation Levels for Personal Safety,

3) Institute of Electrical and Electronics Engineers, inc.
({EEE), EMC Society Standards Committee,

4) Society of Automotive Engineers (SAE),

5) Electronic Industries Association (EIA) G46 Committee
on EMC, C

6) Radio Technical Commission for Aeronautics (RTCA),

7) International Special Committee on Radio Interference
(CISPR),

8) International Standards Organization (1SO).

There are numerous measurement methods available for
making EMC/EM! tests depending on the following consid-
erations:

1) size of the test equipment,

2) frequency range,

3) test limits,

4) types of field to be measured (electric or magnetic),

5) polarization of the field,

6) electrical characteristics of the test signal (frequency
or time domain).

Because each method has limitations of one kind or another,
no one method is ideal for all tests, Certain regulatory
standards such as MIL-STD 462 [4] or FCC part 15 [5] do
specify a particular method.

The purpose of this paper is to review some of these .

radiated EMC/EMI measurement methods, in which the
National Bureau of Standards (NBS) at Boulder, CO, has
made significant contributions during the past two decades.
The technical justifications and bases for these methods,
and interpretations of the measured results are emphasized,
as well as their strengths and limitations. The methods to
be covered are:

1) open sites,

2) transverse electromagnetic (TEM) cells,
3) revrberating chambers,

4) anechoic chambers.

Some other related methods and features which are varia-
tions of the above, such as the underground low-Q en-
closures and parallel plates, are briefly commented on. In

addition, since a small probe antenna plays an important

role in EMC/EMI measurements, ‘including some of the
measurement methods reviewed in this paper, a section on
various probe systems developed at NBS is also provided.

Il. OPEN-SITE MEASUREMENTS

Traditionally, open-site measurements provide a straight-
forward approach to evaluating the EMI performance of the
electronic equipment involved. One important parameter
to be determined by this method is the site attenuation or
insertion loss between a source and a receiver. More pre-
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cisely, it is defined as the ratio of the input power to the
source antenna (or the voltage at the source signal genera-
tor) to the power induced at the load impedance con-
nected to the receiving antenna (or the voltage appearing
across the load) [6]-[9]. To facilitate the evaluation of this
parameter, a pair of transmitting and receiving antennas is
usually set up above the ground, with or without a metal
ground plane, as shown in Fig. 1. The parameter is then

Test setup for site L
characterization Receiving ez
Dipole
Signal Gen EME Receiver

Fig. 1. A typical outdoor open-site test setup.

determined as a function of frequency, separation distance
between the antennas, and their respective heights above
the ground. Sometimes, the relative insertion loss, defined
as the power indicated by the receiver at an initial sep-
aration distance between the antennas compared with that
at different separation distances, is evaluated instead [10].
The quality of measurements made using an earth ground
plane depends on the ground constants. For more reliable
results, a metal ground plane or’screen of finite size is
normally recommended. Difference between the measured
site of attenuation and the theoretical result based on an
ideal site (infinitely large in size and perfectly conducting)
will then serve as an indication of site imperfections.

With this facility, it is convenient to perform both radia-
ted emission and susceptibility tests for large systems over a
wide frequency range. There are, of course, obvious dis-
advantages associated with this method of measurement
such as requiring a sizable measurement site and that the
surrounding area be frée of metallic objects. Also, there is a
lack of isolation between the experimental setup and the
external EM environment. This lack of isolation results in
subjecting the facility to unfavorable weather conditions,
limiting emission tests by the ambient noise leve!, and
limiting susceptibility tests by FCC restrictions.

Frequent occurrences of significant disagreement be-
tween the measured results of site attenuation or insertion
loss and those obtained by the conventional, simple, ana-
lytical computation creates considerable concern within the
EMC community. The disagreement becomes more pro-
nounced and often exceeds the tolerance permitted by the
regulatory authority when the antennas are in close proxim-
ity (within the near-field range) of each other. This occurs,
for example, at frequencies below about 50 MHz for a 3-m
separation distance recommended by the International

* Electrotechnical Commission [11], the CiSPR [12], and the

FCC [8] for some measurements. The disagreement between
the theooratical and measured recults occurs mainly because
the conventional computation is based on the use of a
free-space antenna impedance and a far-field condition,
and because the effects of a ground plane and the mutual
coupling between the two antennas are ignored [8],
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L1 11-113). Another reason for disagreement is that the ex-
perimental results are typically obtained by computation
with the measured receiver voltage and an assumed value
of antenna factor supplied by the manufacturer, which is
dependent upon a given site attenuation [14]. Here the
antenna factor is defined as the electric-field strength ap-
pearing at the receiving antenna divided by the voltage
developed at the 50-Q receiver. Thus the unknown electric
field is determined by multiplying the antenna factor by the
measured receiver pickup voltage. However, the antenna
factor is, almost without exception, calibrated or computed
under the far-field and free-space conditions. For an exam-
ple, in accordance with the definition given above, the
antenna factor (AF) for a linear dipole in free space may be
written as

1 BO+ Z)
AF=7 "%
— _’_T_ . ISO + Zinl -1
=% cot(kh/2) % m O

where A is the operating wavelength in me(ers, k is the -

wavenumber (27/A), h is the half physical length of the
dipole in meters, £, and Z,, are, respectively, the effective
length in meters and the open-circuit input impedance in
ohms of the dipole. A sinusoidal current distribution on a
very thin dipole has been assumed [15}.

For a practical resonant dipole, Z,, =70 &, and kh =

¢

0.477 (depending on the length-to-radius ratio of the di-
pole and frequency), the antenna factor may be approxi-
mately expressed as -

AF = 0.02762f m™t
or

AF = 20log f— 31.18 dB ®)

where f is the operating frequency in megahertz.

The presence of a ground plane changes the antenna
impedance. An example showing variations of the input
impedance (both resistive and reactive parts) of a horizontal
half-wave dipole (kh = 7/2) as a function of the antenna
height above a perfectly conducting plane of infinite extent

is given in Fig. 2 [16]. This curve also assumes a thin wire -

and a sinusoidal current distribution. Thus when the half-
wave horizontal dipole is placed 0.25 A above a perfect
ground as the measuring antenna, its input impedance
‘becomes approximately Z;, = 85.6 + j72.4 Q. The antenna
factor will then be modified to

AF =20logf—29.84 dB (3)

resulting in a shift of greate§ than 1 dB from the frec-space
value.

Furthermore, if the measuring antenna is relatively close
to the source antenna, the mutual coupling {9}, [14], near

fields, and surface-wave excitations [10]; [17], [18] (depend- -

ing on frequency, polarization, and ground condition) may
also be important factors to consider. As a consequence,
the antenna response could be quite different from that
obtained in free space. The use of a tree-space antenna
factor without paying due attention to the condition under
which radiated EMI measurements are performed may,
therefore, cause significant errors in results.

Recently, a more rigorous method of computing the 3-m
site attenuation for two identical horizontal half-wave di-
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Fig. 2. Variations in input impedance of a half-wave dipole
above a perfect ground plane.

poles was proposed [19]. This method using a formulatior
of coupled -integral equations for the antenna currents
includes the ground and rautual coupling effects. It alsc
takes into consideration possible Impedance mismalches
between the antenna and measuring equipment, and the
influence of the antenna wire size. The method requires,
however, numerical computations by the method of mo-
ments [20], and does not treat the case of vertical dipoles.

For vertical polarized dipoles, theoretical results of site
attenuation obtained recently by including the mutual cou-
pling effects have also shown better agreement with the
measured data than before [14]. A critique on this method
has already been received {21]. A method different from the

-established methods [22], {23] for calibrating the antenna

factor under a practical operating environment has also
been proposed [24]. Once the site attenuation and the
related antenna factor are properly modified by including
the practical factors discussed above, the accuracy of de-
termining an unknown electric-field strength by the open-
site measurement method should be satisfactory.

-Ill.  TRANSVERSE ELECTROMAGNETIC (TEM) Ceus

One of the main Yimitations inherent in all EMC/EMI
susceptibility tests is the requirement of an antenna to
represent the source. Typical antennas are bandwidth
limited, and do not have linear phase response versus
frequency. Hence, they are useful primarily for frequency-
domain measurements, and their applications to transient,
impulsive EMI testing and evaluation are very fimited. In
addition, for accurate measurements, the separation dis-
tance between the antenna and equipment under test (EUT)
should be sufficiently large to ensure far-field conditions.
This is not always possible, especially in confined chambers
or enclosures. Quite often, the requirement of sensitivity
and high-level testing field dictate the need for near-field
measurements. Such requirements introduce another prob-
lem related to field uniformity over the test volume oc-
cupied by the EUT and interaction effects. Some of these
difficulties may be eliminated or minimized by using TEM
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cells, because they themselves serve as the transducer and
thus.eliminate the use of antennas.

" The TEM cell was designed based on the concept of an
expanded transmission line operated in a TEM mode. As
shown in Fig. 3, it consists of a section of rectangular
coaxial transmission line (RCTL) with tapered sections at

SEPTUM {IN¥ER CONDUCTOR)

EQUIPMENT
UNDER TEST SUPPORT
Fig. 3. -An NBS TEM cell.

both ends. The taper is used as a transition to match the
RCTL to standard 50-Q coaxial-cable connectors at the two
ports of the cell. The taper sections should be gradual and
long enough to minimize perturbation of the TEM wave as
it passes from one section to the other. It is generaily
recommended that this length be at least one half of the
cell’s width. One of the two ports is usually terminated
with a 50-Q load, while the other port is connected to
either a source or a receiver, depending on whether the cell
is used for radiated susceptibility or emission testing. The
TEM celi provides a shielded environment without intro-
ducing multiple reflections experienced with conventional
shielded enclosure [25}. Hence, external EM signals will not
affect the measurement of low-level radiated emission from
the EUT, or high-level test field generated inside a cell for
performing susceptibility tests will not interfere with exter-
nal electronic systems.

To support a TEM mode, the cell is necessarily a two-con-~
ductor system with the region between the inner and outer
conductors {either upper or lower chamber) used as the test
zone. The cross section of a TEM cell is depicted in Fig. 4.
Although the center septum.(inner conductor) is normally
designed to be midway between the top and bottom outer
conductors, its position can be modified to have a vertical
offset to allow a larger test zone provided by one of the

N

outer conductor

upper chamber side wall

[ ™ -]

inner conductor
g~ kg

lower chamber

|- : )

L 2a 1

Fig. 4. Cross section of a TEM cell.
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chambers [26], [27]. We limit our discussions in this paper
only to the symmetrically located inner conductor, how-
ever.

TEM cells offer several advantages in performing EMC/
EMI measurements of electrically small equipment and de-
vices. They are portable, simple to build [28], useful for
broad-band swept-frequency measurements, and capable of
providing test field strengths from a few microvolts per
meter to a few hundred volts per meter. The cost to build a
TEM cell is much lower than that for conventional facilities
such as anechoic chambers and shielded enclosures. The
TEM field generated between the inner and outer conduc-
tors simulates very closely a planar far field in free space,
and has constant amplitude and linear phase characteristics
{29

The application of TEM cells has limitations too. The
usable frequency range is from dc to an upper limit de-
termined by the appearance of the lowest high-order mode
[26], [29], [30]. The wolume available for testing purpose is
inversely proportional to this upper frequency limit. In
addition, since the EUT is placed at the center of the test
zone, its size should be small relative to the test volume in
order that the field structure associated with the ideal TEM
mode existing in an empty cell will not be significantly
perturbed.

The most important aspect for a TEM cell user to recog-
nize is that the results obtained from the measurements
made inside a cell have to be interpreted correctly in terms
of the corresponding free-space results, because the char-

. acteristics ‘of an EUT inside a TEM cell are different from

those in other environments such as free space [31]. This

-interpretation is especially crucial’if a meaningful compari-

son with other measurement methods is attempted.

Befare presenting the details of using a TEM cell to make
radiated susceptibility and emission tests, we summarize
some basic TEM cell properties as follows.

Impedance Consideration: The characteristic imped-
ance, Z,, of an RCTL may be expressed in terms of the
distributed capacitance per unit length of the transmission
line, Gy, by [26], [31]:

Zy =m0/ C @
where 7, = 1207 is the free-space intrinsic impedance in
ohms, and

=
°7 367w

is the air permittivity in farads per meter.

Determination of C, may be formulated through elliptic
integrals and then computed numerically [26], [31]. If the
aspect ratio is small, i.e.,, b/a <1, then an approximate
expression for C,/€, may be obtained [31]

€ (10)_9

w2 . g ] AC
Co/€o = 4[ 57 In (1 +.coth 2b) P )
where the cell parameters a, b, g, and w, all in meters, are
indicated in Fig. 4. In this form, it is easy to identify the first
term, 4w/b, as the plate capacitance between the center
septum and the horizontal walls (top and bottom outer

conductors), the second term involving the gap parameter g
as the fringing capacitance between the edge of the septum

and the vertical sidewalls, and the third term AC/¢, as a
correction needed to account for the interaction between
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the two edges. However, under the practical condition,
w/b > 1/2,AC is negligible.

If a characteristic impedance value of, say, 50 Q is desir-
able, we then require Cp/¢, = 7.54. A number of possible
TEM cells may be designed, based on (5), to meet this
requirement.

Higher Order Mode Consideration: As mentioned be-
fore, the upper frequency limit for a TEM cell is determined
by the appearance of the lowest higher order mode. In
addition, the associated resonances occuring in the cell may
also limit the frequency range. The cutoff wavelengths of
the first few higher order gap-perturbed modes in the cell
are presented in Fig. 5 [26), [30], [31], [33], [34]. From these

24

1 1 { 1 1
TE4q.8/b= 20 TMyy.a/b =10

22

TEpp, ALL &/b

20

0.6

04

Fig. 5. ' Cutoff wavelength of the first higher order gap-per-
turbed mode in a TEM cell. .

data, one can easily estimate the approximate cutoff fre-
guencies. Note that this estimation is based totally on the
cross section of the cell whose length is assumed to be
infinitely long. In reality, the cell is finite and the two ends
are tapered; hence, the actual measured cutoff frequencies
are somewhat different from the theoretical estimation. The
resonance frequency, f.,, associated with a mode of cutoff
frequency, £, can he found from the following expression:

feo =2 +(cr2ay’]"” (6)

where ¢ =3(10)® m/s is the speed of light, and d (in
meters) is the resonance length. Again, because . of the
tapered sections at the two ends, the resonance length is
not well defined. As a first approximation, an average
“overall cell length” is usually taken as the resonance
length [30]. ’

It is important to note that a) the influence of the
first-order TE modes does not become significant until
approaching a resonant frequency, and b) if the septum of
the cell is centered symmetrically, the odd-order TE modes
are not excited in the empty cell (these modes may exist
when an EUT is placed in the cell). Thus the upper useful
frequency can exceed the multimode cutoff frequency of

the first higher order mode, but should be less than this
mode’s associated resonant frequency. For example, the
cutoff and resonance frequencies for a cell with a= b=
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1 m, w/a=08 (or g/a=02), and d =4 m are approxi-
mately 43 and 66 MHz. Such a cell should be useful at
frequencies up to approximately 60 MHz.

Efforts have been made to extend the use of TEM cells to
frequencies above cutoff by installing RF absorbers inside
the cell [35]. While this effort helps to lower the Q factor of
the cell and suppress the multimoding effects, it also has
some effect on the fundamental TEM mode. Thus care must
be exercised when considering the placement of absorbing
materials inside a TEM cell.

Field Distribution: An analytical expression for the elec-
tric field inside an empty TEM cell over the cross section
shown in Fig. 4, when operated in a TEM mode, is also
available in terms of Jacobian elliptical functions [26], [32].
Numerical results for the electric field in a typical symmet-
ric cell are presented in Fig. 6. The results have been
normalized with respect to V/b, which represents the elec-

1.0} = — = .
- ]

0.8} /—\ 6

0.6 A W ST

x/a
@)
1.6
b w
Ra Ye.m2
1.4 L a ¢ 2
1.2 ¢

Relative electric field magnitude

0.6 . L i
~l.0 -8B -6 -4 -2 O .2 .4 .6 .8 1.0

(b)
Fig. 6. Normalized magnitude of the electric ficld of the
TEM mode inside an RCTL. (a) b/a=1, w/a=083. (b)
b/a=06, w/a=072

tric field at the center of the test zone (x =0,y = b/2)
where

v (BZ) )

is the voltage in volts between the inner and outer conduc-
tors, £, the net power in watts flowing through the cell,
and Z, the characteristic impedance in ohms given in (4).
Field distribution for certain higher order modes, while not
the major concern of TEM cell users, may be found
elsewhere [26], [36].

Radiated Susceptibility Test: As mentioned above, the
TEM cell was developed as an alternative to the conven-
tional shielded enclosure for EMC/EMI testing of electronic
equipment. It is useful especially at frequencies below a
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ndred’ riegaliertz. 1ne main purpose of radiated
ptubiiity testing is to determine if and how EM energy
s "pléd into the EUT to cause po§sible degrada.tion to
iquipment performance. Thus a criter'ron of measuring thg
Eie'grz.zdation is normally established first bY ﬂ?e user. This
criterion may be in.the form of video or audio indicators, or
by other means when the EMI coupling exceeds a prede-
termined threshold. The following measurement procedure
in terms of steps is suggested as a systematic approach for
making a radiated susceptibility evaluation [3€], [37]. )
The first step is to place the EUT in a TEM cell centered in
the tower half space below the septum (or upper half). The
first position (position A) as shown in Fig. 7 is near the floor

leads covered with

f£ilter box
conductive tape

Fig. 7. Placement of EUT near floor of TEM cell for mini-
mum exposure of leads to the field.

but insulated from the floor with approximately 2 cm of
foam dielectric. Plastic foams with a dielectric constant of
1.04 to 1.08 are readily available, are almost invisible electri-
cally, and make good supporting material. If grounding of
the equipment case is desired, the EUT would then be
placed on the floor. This position (position A) is used to
minimize expaosure of the EUT’s input/ output leads to the
test field. Another common EUT position (herein called
position B) for testing is midway between the septum and
the floor. Again, the EUT is supported on a low dielectric
foam material. This position increases the exposure of leads
to the test field. A comparison of the test results to be
taken later for both positions A and B may give some
indication of how energy is coupled into the EUT. After
placing the EUT in positions A and B, we may reorient the
EUT as desired, relative to the cell’s field polarization.
Typically, the first orientation is with the EUT lying flat as in
normal use. Care must be taken to record the placement
location and how this is done so that it can be repeated if
necessary. It may be heipful to mark the bottom of the cell
with a uniform array of scribe marks to assist in determining
placement locations precisely.

The second step is to access the EUT as required for
operation and performance monitoring. The EUT input/
output and ac power cables should be as nearly the same as
in its anticipated use. Cables should be the same length if
possible, be terminated into their equivalent operational
impedances so as to simulate the EUT in its operational
configuration, and be carefully routed inside the cell to
minimize field perturbation. Dielectric guides or holders
may be installed in the cell to assure repeatability of the
placement location of the cables. These may be placed on
the floor to allow the cables to be covered with conductive
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tape (minimum exposure) and/or on dielectric standoffs to
provide coupling of the test field to the leads. If required, a
portion of the EUT's leads (wiring harness) may be carefully
bundled together in a coil and covered with conductive
tape on the floor of the cell. When the leads are bundled
together, it may be helpful to twist the input/ output/
monitor leads as separate conductor pairs or use shielded
cables to minimize cross coupling between them. It may
also be necessary to space the windings in the coil to avoid
introducing resonances associated with the coil inductance
and distributed capacitance. If braided RF shielding is used,
it should be in electrical contact with the cell floor, and not
in contact with the case of the EUT unless a common
ground between the EUT and cell is required. Grounding
the two together will influence the results of the suscept-
ibility measurements. The input and output leads, after
being connected to the appropriate feedthroughs for
accessing and operating the EUT, should also be filtered to
prevent RF leakage into the cell, otherwise the shielding
integrity of the measurement system will suifer. Care must

. be exercised in selecting these filters so they do not signifi-

cantly affect the measured results. The monitor leads used
for sensing and telemetering the performance of the EUT
may require special high-resistance lines made of carbon-
impregnated plastic or fiber optic lines to prevent perturba-
tion of, or interaction with, the test environment. DC sig-
nals or signals with frequency components below 1 kHz:
may be monitored via the high-resistance lines. RF signals
should be monitored via fiber optic lines.

If the monitor signal is at a frequency or frequencies
sufficiently different from the susceptibility test frequency
or frequencies, metallic leads may be used with appropriate
filtering (high-pass, low-pass, band-pass, etc) at the
bulkhead. Such leads, however, will cause some perturba-
tion of the test field, thus their placement location must be
carefully defined for future reference. Note that a separate,
shielded filter compartment should be provided on the
outside of the celt for housing the filters, as shown in Fig. 7.

The third step is to connect up the measurement system
as shown in Figs. 8 or 9 for the frequency range 10 to 500
MHz. At frequencies below 10 MHz, the dual directional
coupler and power meters are replaced by a voltage moni-
tor Tee and RF voltmeter. The system shown in Fig. 8 is for
swept-frequency testing, while that in Fig. 9 is for auto-
mated discrete-frequency testing. The testing operation in
Fig. 9 is under computer control thus allowing the test field
level in the cell to be carefully controlled and progressively
increased at selected frequencies while monotoring the
EUT performance. If degradation occurs as determined from
a pre-established threshold and evidenced by a sensor, the
computer can respond by limiting the test fieid level to
prevent damage to the EUT. The computer also prints out
the susceptibility information according to software instruc-
tion and format. _

The fourth step is to initialize the measurement system
by recording the EUT monitor response and test-field mea-
surement instrumentation with the RF source turned off.
This includes zeroing the appropriate instrumentation. The.
RF source is then turned on at the test frequency, modula-
tion rate, test waveform, etc., and its output level is in-
creased gradually until the maximum required test level is
reached or the EUT response monitors indicate vulnerabil-
ity. Care must be exercised to insure that sufficient time is
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Fig. 9. Block diagram of automated TEM cell susceptibiIity.mesurement system.

spent at each frequency and field level to allow the EUT to
respond. The EUT's susceptibility profile is then determined
for each test position. and orientation. it may be necessary
to test all three orthogonal orientations of the EUT inside
the cell. this is required if all surfaces of the EUT to be
tested are polarization matched to the TEM field of the cell.

if the test frequency is below 10 MHz, the electric field
fevel in volts per meter generated inside the cell is de-
termined by the RF voltmeter reading, Vg in volts, in
accordance with Vi /b, where b is the separation in meters
between the septum and floor. When the test frequency is
10 MHz or above, where the electric length of the cell is
significant, the electric-field level is determined by V/b,
where V is given in (7) and the net power may be de-
termined by . ’

®

with C; and C, as the respective forward and reverse
coupling ratios of the calibrated bidirectional coupler, and
P and P, as the indicated incident and reflected coupler
sidearm power readings in watts.

Note that the size of the EUT should be small relative to
the test volume inside the cell. when the EUT is not small,
it will effectively short out a significant part of the vertical
separation resulting in an increase in the field level. In such
a case, an effective separation may have to be determined,
depending on the EUT height, in order to estimate the
actual field level. Details for determining an effective sep-
aration distance may be found elsewhere [38].
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If the objective of the measurement program is simply to
reduce the vulnerability of the EUT to EMI without the
additional requirement of determining worst case suscep-
tibility as a function of absolute exposure field level, one
EUT orientation with input/output lead configuration may
be tested in one particular operational mode under a pre-
selected susceptibility test-field waveform and level. Similar
tests may then be duplicated at the same test position with
the same lead configuration and test-field waveform and
level, after the corrective measures such as providing ad-
ditional shielding, etc., are made to the EUT. These testing
results are then compared to determirie the degree of
improvement. '

Sometimes, it is desirable to monitor the field distri-
bution inside the cell using small calibrated electric and/or
magnetic probes, while an EUT is in position. if this is the
case, one must be careful in interpreting the monitoring
results, because the results are a combination of the inci-
dent TEM field launched inside the cell and the scattered

fields from the EUT and its leads in the near-field range.

The field so monitored can be quite ‘different from the
test field, leading to potentially erroneous conclusions.
Whenever possible, it is preferable to mount the field
monitoring probes in the opposite chamber in the mirror
image location of the EUT.

Radiated Emission Test: Electronic equipment not de-
signed as a radiator has unintentional leakage sources
which may be considered electically small. As such, the
leakage currents on the exterior surfaces of the electronic
equipment, treated here as an EUT, can be modeled as
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aghetic’ short dipole sources
so‘ur’ces may then be combined

: ac
e orthogonal electric and three orthogonal magnetic
.moments as represented in Fig. 10, each having an

Mgy [ E'ex mmxﬁrﬂ_
Mey/Yey fr=—= Mimy /¥my
Mgz !!gz /, 'mmzzq'mz

Fig. 10. An unknown electrically small source is considered
to be made of equivalent three orthogonal electric and three
orthogonal magnetic dipoles.

When an uasnown source object (EUT) is placed at the
center of a TEM cell, its emission couples into the funda-
mental TEM mode and propagates toward the two ports of
the cell. With a hybrid junction inserted into a loop con-
necting the cell output as shown in Fig. 11, we are able to
measure the sum and difference powers and the relative

INSTRUMENTATION
FOR POWER AKD
PHASE MEASUREMENT

COMPUTER SYSTEM

Fig. 11. Emission testing measurement systems.’

phase between the sum and difference outputs. This way of
measuring the relative phase is very advantageous because
it avoids the complication of having to establish an absolute
phase reference physically connected to the EUT. Sys-
tematic measurements of the powers and relative phases at
six different EUT orientations are sufficient to determine
the amplitudes and phases of the unknown equivalent
component dipole moments as depicted in Fig. 10, from

AA ot ali TMC/ BV MEASUKEMEN I METHODOLOGIES

which the corresponding detailed radiation pattern and
total power radiated by the unknown source in free space
can then be computed [39].

For the purpose of describing the source (EUT) position
and related experimental procedures, it is necessary to
establish a coordinate system (x, y, z) for the TEM cell with
the origin at the geometric center of the inner conductor.
The unknown source EUT may be placed at (0, ), 0). We
assign another coordinate system (x’,y’, z’) with respect to
the center of the EUT, as shown in Fig. 12.

One half
TEM cell

Fig. 12. Two EUT orientations in the TEM cell.

Initially, we align x-x’, y~y’, and z-z' as shown in Fig.
12(a). The first measurement orientation is obtained by
rotating the EUT counterclockwise by an angle of #/4
about the z’-axis so that its position relative to the TEM cell
is shown in Fig. 12(b). We measure the sum and difference
powers in watts and the relative phase in degrees between
the sum and difference outputs, and designate them, re-
spectively, as Py, Py, and ¢,. We then rotate the EUT by an
additional #/2, also counterclockwise about the-z’-axis as
displayed in Fig. 12(c) to the second mcasurement oricnta-
tion. We measure the sum power, difference power, and
the relative phase between them as £, Py, and ¢,.

We next align the coordinate frames such that x =y,
y= 2z, and z = x’. Then we rotate the EUT counterclock-
wise by an angle of 7/4 about the x'-axis serving as the
third measurement orientation, take the sum power £,
difference power Pj, and the relative phase between the
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sum and difference outputs ¢;. Rotating the EUT counter-
clockwise by another /2 about the x-axis and taking the
same sequence of measurements yield Pys Py, and g,

Finally, we align the coordinate frames in accordance
with x = 2/, y=x/, and z = y, rotate the EUT in a similar
‘manner about the y-axis, and measure Py, Py, bs; Py, Py,
and ¢.

After collecting the measured sum and difference powers
and applying the Lorentz reciprocity theorem, we obtain
the following [41]:

&= (Pat Po = By = By + Py + Pe) /(0P) ©
ml,=(Py+ Pyt Py+ Py — Ps.— Pss)/(Zqz) (10)
me=(=Pa = Pyt Py + By + Py + P) /(2¢) (1)
M= (P + Py = Py = Poy + Pos + P) /(2K)(12)
mz, = (Py + Py + Py + Pm; Fus = P)/(2K%q%) (13)

Mz = (= Fin = Pp + Fiy + Fgy + Fus + Prg) /(2K3)

(14
MexMey OO = (Py — P2)/(29%) (15)
Mg, Mg, €050, = (P — P4)/(24%) (16)
MezMey €O by = (Ps — P) /(247) (17

mmxmmycbs b= (Pup = Py) /(2K27) (18)
mmymmzcosoml = (Pd4 - Pd3)/(2k2q2) (19)
mmzmmxcos.om3 = (Pdé - PdS)/(zkzqz) (20)

where

O =Vex—Voy Oy =Vey =, Oy =vo,— Yoy

O =¥y = ¥my Oy =Yy = bme Oy = ¥z — Vi
(21)

and q is the normalized amplitude of the vertical electric
field which would exist at the cell of an empty TEM cell
when it is operated in a receiving mode and is excited by an
input power of 1 W at one end and terminated at the other
end with a maiched load. thus q = (50)"/%/b in 8/%/m,
which is determined by the height of the cell.

In obtaining (9) through (20), we have assumed that the
frequency of the unknown interference source (EUT) to be
detected by the spectrum analyzer included in the measure-
ment instrumentation as shown in Fig. 11 is such that it
allows only propagation of the dominant mode inside the
cell. The size of the interference source to be tested must
be small relative to the test volume of the cell. This is
required to minimize the potential perturbation to the field
distribution inside the cell, as was cautioned before. Under
the above assumptions, we see from (9)-(11) that the am-
plitudes, m,;, i = x, y,z, of the unknown component elec-
tric dipole moments in ampere-meters are obtainable by
the sum powers only, and from (12)-(14) that the ampli-
tudes, m,,;, of the unknown component magnetic dipole
moments in ampere-square meters are obtainable by the
difference powers only.

Once m,; and m,,; are determined, they can be used to
compute the total power radiated in free space by the same

3%

sgurce as

4042

-
+K (M, + m2, + m)} w2

2 2 2
Pr {m,_,x + me, + mg,

Note that if one is interested only in determining the
total power radiated by the source, which may be the case

in practice, all we need to extract are m? and m2, based on

the measured powers,

The corresponding far-field radiation pattern in free space
depends, however, also on the relative phases among the
component dipole moments of the same and mixed Kinds.
The former (same kind) can be extracted by (15)~(20) with
certain constraining conditions, while the latter (mixed
kind), Yei =~ Vmphj=X,,z but i+ j, is much involved
with the component dipole moments determined in ©-(14)
and the measured relative phases ¢,/ = 1,2, - -6, batween
the sum and difference outputs. fhis is the reason that
these relative phases are also measured and recorded. De-
tailed procedures of extracting Yei — ¥y may be found
elsewhere [41].

Note, however,. that if one knows beforehand that the
unknown interference source may be characterized by one
kind of dipole moment only (either electric or magnetic),
the relative phase measurement will not be required {41} In
addition, if the source is believed to be made of electric
dipole moments only, then the sum power measurements
will suffice to determine the radiation characteristics of the
source. Similarly, the difference power measurements wil
be the dominant enes if the source is essentially magnetic
dipoles, :

Naturally, when the measured powers and phases are not
contaminated by background noise or other inaccuracies,
the source parameters so extracted and the radiation char-
acteristics so computed are accurate and proven to be
unique [41]. In the practical world, however, the experimen-
tal data are always degraded somewhat by background
noise, equipment limitations, and the reading accuracy,
These measurement imperfections will cause uncertainties
in the deduced results. A report giving necessary mathe-
matical derivations for, and performing the analysis of,
these uncertainties is available [42].

The method outlined above has been successfully tested
by a simulated example and two practical examples, one
with a known small spherical dipole representing the elec-
tric type {39), [41], and the other with a known small loop
antenna representing the magnetic type [43]. The deduced
radiation characteristics such as the strength of dipole mo-
ment and the total power radiated by the spherical dipole
in free space agree very well with the measured results
obtained by other means [44].

Before leaving this section, we note that a conventional
shielding room may be converted into a TEM cell by install-
ing a flat plate inside the room [45]. Another important
option of TEM cells is the parallel-plate or stripline facilities
[46]-[49]. The general measurement guideline for these al-
ternative forms is the same as that for TEM cells, except that
the fringe field from the parallel plate must be confined to
avoid possible damage to or interaction with nearby
equipment. )
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mitauon on operating frequency for TEM cells as
in’ Section 1l could be a drawback for certain
S5olications. Furthermore, since the polarization of the field
generated inside 2 TEM cell is fixed, 'the radiated emission
and susceptibility tests for an EUT using TEM cells requires
physical rotations (or different orientations) as dlscyssed.
This reguirement of EUT rotation could be another incon-
venient aspect. S

A relatively new EMC/EMI measurement technique,
which does not require EUT rotations, is to utilize re-
verberating chambers to generate an average uniformly
homogeneous and isotropic field within a local region
inside a metal enclosure [50]-[58]. The polarization of this
homogeneous and isotropic field is randomly varying. It is
precisely because of this special property that the physical
rotation of test objects can be avoided. The homogeneous
and isotropic field is achieved by rotating an irregularly
shaped mode stirrer or tuner either continuously or in steps
[56). Naturally, the associated boundary conditions are
changing with respect to time so that the possible eigen-
modes existing simultaneously inside a given shielded metal
chamber (cavity) are perturbed accordingly. '

Two analytical approaches for treating this type of EM
field problem and for providing basic knowledge for design
purposes are possible. One involves the direct solution of
Maxwell’s equations with time-varying boundary ' condi-
tions. A formal solution using this direct approach is rather
difficult to obtain. In the other approach, suitable linear
combinations of basic eigenmodes of the unperturbed cav-
ity (without mode stirrer or tuner) with time-dependent
expansion coefficients are taken to represent the field and
to satisfy approximately the boundary condition on the
surface of the rotating-mode stirrer or tuner [56]. The main
advantage of this latter approach is that the unperturbed

cigenfrequencies and eigenmodes are much easier to’

calculate, and the problem can be reduced to a more
familiar one under special conditions. A necessary condi-
tion for the validity of this method is, however, that the
total number of eigenmodes which can exist inside a cham-
ber be large for a specified frequency and chamber size.
Thus the measurement technique using reverberating
chambers is good for very high frequency application, and
may serve as a powerful supplementary tool to TEM cells.
Typical frequencies of operation are from a few hundred
megahertz to 20 GHz or above.

The reverberating chamber is also capable of providing a
very efficient conversion of source power to high-intensity
fields inside a shielded enclosure for performing EMC/EMI
tests of large size of equipment and whole systems. The
limiting factors are that users may not feel confident to
interpret the measurement results taken inside the chamber
and to correlate to actual operating conditions, and that
polarization properties are not preserved for characterizing
an CUT.

Some Design Considerations

_ As expected, the total possible number of modes, N(f),
inside an unperturbed, lossless, rectangular chamber of

MA et al.; EMC/EMI MEASUREMENT METHODOLOGIES

dimensions (a X b X d) is increasing in steps with fre-
quency. A smooth approximation to N(f) has been
formulated [56], [57]

8x , F £
Ns(f)=-§—abd-23-—(a+b+_d)z+5 A(23)

where abd in cubic meters represents the chamber volume,
f the operating frequency in hertz, and c¢ the speed of wave
propagation in the chamber medium (usually air) in meters
per second.

Note that the first term in (23) is identical to Weyl's
formula [56] derived originally for the same problem by a
different approach, and is proportional to the chamber
volume and the third power of frequency. The second term
may be recognized as the edge term, which is proportional
to the sum of the linear dimensions of the chamber and
modifies Weyl’s result, especially in the lower frequency
range. The inner surface area of the chamber, 2(ab + bd +
da), is not involved in (23). An example is given in Fig. 13
showing N(f) as Curve 1, N,(f) as Curve 2, and Weyl’s
formula as Curve 3 for the NBS chamber. Note that the
dimensions of the NBS chamber, 2.74 m X 3.05 m X 4.57 m,
are all unequal. Designs of chambers having two or three
sides equal but with the same volume will increase mode
degeneracy, thus decreasing the total number of distinct
modes with respect to a given operating frequency. Under
this condition, wider steps in Curve 1 than those shown in
Fig. 13 will be observed, even though the smooth approxi-
mation (Curve 2) remains almost unchanged.

While the total number of eigenmodes inside an unper-
turbed .chamber is an important design criterion, another
equally important factor to consider is the mode density
function, dN/df, which represents the change in the num-
ber of modes in a given frequency interval. Of course, the
exact shape of dN/df involves impuise functions as it is the
derivative of step functions. An alternative quantity for
exhibiting this property is to examine

dN
AN:.’;,‘Ef- df (24)

which represents the increase or decrease in mode number
within a frequency interval of Af.

Results of AN when Af = 1 MHz are presented in Fig. 14
for the NBS chamber. Clearly, the uniformity of mode
distribution in the frequency interval of 1 MHz is good.
Indeed, mode- distribution uniformity was the main motiva-
tion for the unequal dimensions of the NBS chamber. It is
not difficult to see that the mode distribution would not be
as uniform for those chambers of the same volume but with
two or three sides equal. The general design criteria for a
reverberating chamber are then to make the volume as
large as possible and the ratio of squares of linear dimen-
sions as nonrational as possible.

A third design criterion, namely, the quality factor, may
be considered to characterize a reverberating chamber when
it is made of lossy material. Since there are so many modes
existing in an unperturbed chamber with each mode carry-
ing its own Q-value [56], [57], [59], it is not trivial to define a
quality factor for the chamber as a whole. One method of
defining a composite quality factor for an unloaded cham-

397



a=2.7m
. WBS chamber {s : 2:2;:
@ : N by computer counting
120 ® : Ns-—s-g-—abd-—f%-(a-&-b-!-d){—-)-—]-'i .
. 3¢ /

1o @: n= i;f abd % (Weyl's formula) ‘
100 ¢
€
an
70
60
50
40
30
2.

Y

— 4 4+ "

I —f——t

3 " % %
-

- + + t——t t+ t

40 S50 60 70 80 90 100 110 120 130 140 150 160 470 180 190 200 210 220

o £, Mz
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Fig: 14. An illustration of mode density (NBS chamber).

ber (without an EUT in it) within a specified frequency
range gives the following simple approximate result [56]:

MHz

~ 3{V 1
Q—Z(sss)1+i’£(l+l+l) %)
T Bk\a b d '

where V denotes the chamber volume (abd) in cubic me-
ters, and 8, the skin depth in meters of the material of the
chamber.

The physical meaning of (25) may be interpreted by
comparing it with the individual Q-values of all the modes
in the form of cumulative distribution. Since V/(53,) is a
common factor whether the composite quality factor de-
fined above or the quality factor for individual modes is
considered, it is more convenient to present the results in
terms of 1/Q-values normalized with respect to 58,/V.
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Thus the variable used herein is

(20)

Examples of the cumulative distribution of a for the NBS
chamber are given, respectively, in Figs. 15-17 for three
different frequency bands. For the frequency band of 180 to
200 MHz in Fig. 15, the total number of modes existing in
this band of 20 MHz is 69, with each mode having its own
Q-value. The probability of having a high upper bound’
value of a < 0.80 (or a lower bound for Q) is almost 100
percent, and that for a low value of « < 048 (or a high
value for Q) is only about 10 percent. This impfies that
almost ait of the 69 modes in this particular frequency band
have « < 0.80. The arithmetic mean of 0.623 and the stan-
dard deviation of 0.090 are also indicated in the figure. The

1
o= 6( V/S8,).
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fig. 15. Cumulative distribution curve of the normalized 1/Q-values in the 180- to
200-MHz frequency band for the NBS chamber.
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Fig. 16, Cumulative distribution curve of the normalized 1/Q-values in the 330- to the
350-MHz frequency band for the NBS chamber.
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Fig. 17. Cumulative distribution curve of the normalized 1/Q-values in the 480- to
500-MHz frequency band in the NBS chamber.
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fig. 18, Block diagram of NBS modified-mode-tuned enclosure system for EMC measure-

ments.

probability of having « < 0.623 (arithmetic mean) is, of
course, 50 percent, meaning that at least one half of the 69
modes have a < 0.623.

For the case presented in Fig. 16, where the frequency
band is from 330 to 350 MHz, also of a bandwidth of 20
MHz, there are 261 modes, an increase in number of mades
relative to that in Fig. 15, This is because of higher frequency.
A similar interpretation of the a-values (or Q-values) car-
ried by these modes in terms of probability applies. Note
that there are now a small number of modes (low probabil-
ity) carrying a value of a as low as'043 (high Q). The
arithmetic mean and standard deviation are, respectively,
0.630 (higher than the corresponding value in Fig. 15) and
0.085 (fower than the corresponding value in Fig. 15). A
higher value of arithmetic mean implies that one half or
more of the 261 modes carry a higher value of a (fower Q)
compared to the frequency band considered in Fig. 15. A
deciease in standard deviation reveals that a greater number
of modes have a-value closer to the arithmetic mean,

\f we consider a still higher frequency band 480 to 500
MHz such as that illustrated in Fig. 17, 534 possible modes
will exist in the same bandwidth of 20 MHz. The arithmetic
mean increases further to 0.646 while the standard devia-
tion decreases further to 0.074, indicating that a greater
number nf modes will have still higher a-values near the
arithmetic mean, This general tendency, increasing in arith-
metic mean and decreasing in standard deviation with
increased frequency, vields a limiting mean of & < 0.667
with a 50-percent prabability, which also agrees precisely
with the limiting value for composite & derived from (25)
and (26). .

Thus even though there are a large number of possible
modes existing in a specified operating frequency band for
a reverberating chamber, with each mode carrying its own
value of a or Q, the probability that a < 0.667 (or Q>
1.5V/S8,) is 50 percent. This implies that one half of the
modes have a-values less than 0.667. Preliminary estimation
of a quality factor to characterize the reverberating chamber
as a whole, based on the simple expression of Q in (25), for
the purpose of predicting the field strength level to be
generated in the test zone is indeed very useful. The com-
posite quality factor so estimated is considered as the upper
bound value because it does not take inta account losses
other than that due (o wall conductivity,

Since compromises between low conductor tosses (high
Q) and broad modal coverage (low Q) are almost always
necessary in the practical design of reverberating chamber,
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the results for AN in (24) and @ in (25) will be found
convenient and helpful.

Recent Measurement Results

The basic measurcment system used at NBS is shown in
Fig. 18. The test.field is established by means of one or
more RF sources feeding one or more transmitting antennas
placed inside the chamber. We use here the log-periodic
antenna (0.2 to 1.0 GHz), corrugated horn (1.0 to 4.0 CHz),
or double ridged circular hor (4.0 to 180 GHz) as the
transmitting antenna. Modes excited inside the chamber by
the transmitting antenna are then tuned or stirred by rotat-
ing one or more field-perturbing devices referred to as
“paddlewheel tuner.” The tuners are typically efectrically
large metal blades or irregularly shaped structures that are
mounted on the enclosure walls or ceiling driven by electri-
cal motors. The reason for using the irregular shape is to
help scatter the field more evenly in all directions. Fig. 19
shows the NBS tuner. The field generated at the test zone is
then measured by a calibrated probe as a function of

Fig. 19. Photograph of tucer inside NBS raverberating
chamber.
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Gsition. Note that there is another
faced inside the chamber to measure
A4 minimum received powers (see Fig. 18).
‘sntenna (0.2 to 1.0 GHz), corrugated horn
‘Hz), or double ridged circular horn (4.0 to 18.0
mployed as this receiving antenna. The mgasured
sta feceived powers are useful f(?r assessing the
ess of the tuner, the relative uniformity of the
e quality factor of the chamber.
mode-stirred case [50], [55], the tuner rotates con-
ously, thus changing the chan?ber’s boundary condi-
., the voltage standing-wave ratio {VSWR) of the trans-
mitting antenna, the net input power to the chambgr, an.d
the field polarization and strength, T.he resultant field is
then recorded by detectors with sampling rates much faster
than the tuner’s rotating speed, and statistically processed.
in the mode-tuned case [57], [60], the tuner position is
stepped at discrete intervals. Measurements of the net
power “delivered to the transmitting antenna, power re-
ceived by the reference antenna, and perhaps also the
monitor response of the EUT being tested are taken for
each tuner position and frequency. This mode of operation
makes possible corrections for the variations in field strength
due to changes in the VSWR. An example of the transmit-
ting antenna VSWR variation in the NBS chamber is pre-
sented in Fig. 20, giving the maximum, average, and
minimum VSWRs as a function of frequency, obtained by

VSRR OF TRANSMITTINC ANTENNA
1 LR LR ] |

—ITriTr

4.8

a.5 RVERAGE

YSHR

2
FREQUENCY (GHz)
Fig. 20. Variations in VSWR of transmitting antennas placed
inside the NBS reverberating chamber. Log-periodic: 0.2-1.0
GHz, corrugated horn: 1.0-4.0 GHz, double rigid circular
horn: 4.0-18.0 GHz.

rotating the tuner through a complete revolution with 200

steps (1.8° increments). Note the large variation at the .

lower frequency end. Failure to correct for this change
could result in errors in determining the test field tevel [61].
At higher frequencies above approximately 2 GHz, varia-
tions in VSWR become much more reasonable.

To evaluate the tuner’s effectiveness, the ratio of maxi-
mum to minimum received powers for a complete revolu-
tion at 200 steps is given in Fig. 21 as a functinn of
frequency, showing an average of 30 dB. The net input
power to the transmitting antenna has been maintained
constant for this measurement. If the tuner were not as
effective, the maximum to minimum received power ratio
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Fig. 21, Maximum to minimum received power ratic as a
function of frequency for the NBS chamber and tuner.

would be very low. This fact can be verified by using a
much smaller size of tuner with a rather regular shape.
Another important feature characterizing the chamber is
the measured difference between the net input power to
the transmitting antenna and the power available at the
reference antenna terminals. This difference represents the
chamber loss, which may be used to estimate the actual
mean quality factor of the chamber. This information, of
course, is important for considering the power requirement
and broad modal coverage. The loss characteristics for the

"NBS chamber, both the average- and minimum losses after

rotating the tuner by one complete revolution at 200 steps,
are shown in Fig. 72. The smoath solid curves represent
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Fig. 22. Loss characteristics for the NBS chamber (empty)
_ with the smooth soli

.d.curve representing estimated fits from
the measured data. c A

estimated fits from the measured data, Based on the mea-
sured minimum loss data, the actual mean chamber quality

factor may be estimated by [51]

- L
Q' = 16xw o 27
where P, is the minimum power available at the reference
antenna terminals, A, is the net power delivered to the
transmitting antenna in the same unit as that of £,V is the



chamber volume in cubic meters, and XA is the operating
wavelength in meters.

The result of (27) is plotted in Fig. 23 as curve (a), For
comparison purposes, the composite quality factor Q as
computed by (25), is-also shown in the same figure as curve
(b). The ratio of Q/Q’ is presented in Fig. 24, showing that
Q' approaches closer to Q for higher frequencies where
more modes are available and the field strength inside the
chamber is relatively more uniform.

The maximum and average electric-field strengths gener-
ated inside the chamber, as adjusted to 1-W net input
power, are presented in Fig. 25 as a function of frequency.
The field strengths were measured using an electric-field
probe (1-cm dipole) placed at the center of the test zone,
with 200 tuner positions. The probe was rotated through
three orthogonal orientations aligned with the chamber
axes. The magnitude of the total electric field was taken as
the square root of the sum of the squared values of the
three components. The probe response was calibrated in a
planar-field environment at frequencies up to 2.4 GHz. The
field strengths at frequencies above 2.4 GHz were also
determined by using the same probe response.
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Fig. 23. Quality factor of the NBS chamber: (2)—experi-
mental mean Q’ obtained from (27) based on measured
received power, (b)—theoretical composite Q as computed
from (25). :
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Fig. 25. Maximum and average electric-field strengths gen-
erated inside the NBS chamber (empty, mode-tuned).

An increase in field strength at approximately 15 GHz as
shown in Fig. 25 is believed due to the probe resonant
characteristic rather than due to the chamber. It can be
corrected if necessary, by recalibrating the probe at 15 GHz.
Also included in Fig. 25 are the field strengths calculated
from the power P received by the reference antenna in
accordance with the following:

=T @R v/m. (26)
The above expression was derived based on the assumption
of far-field environment. Obviously, such condition does
not exist inside a multimode chamber. The expression has
been used frequently within the EMC . community even

- though it has received only marginal justifications [50]. The

results presented in Fig. 25, however, demonstrate good
agreement between the direct measurements and that de-
rived from (28). To increase further our own confidence, we
also independently measure the maximum, average, and
minimum magnetic fields with a magnetic-field probe (a
loop antenna of 1-cm diameter) in a similar manner. The
corresponding ratios of the electric field to the magnetic
field may be loosely referred to as wave impedances, which
vary widely as expected with frequencies. However, the
average wave impedance at frequencies above 200 MHz
(the lower frequency limit recommended for our chamber)
is approximately 120 . This serves as an additional check to
the validity of (28). Thus it appears that (28) can be used as
a preliminary means to determine the level of the test field.

It is important to note that the reference antenna type is
not significant, except that it is desirable to have its imped-
ance reasonably matched to the power detector especially
for high frequencies when more modes are available in the
chamber, so that its average VSWR behaves well. Hence,
antennas within their designed frequency bands may be
used as a reference. The gain characteristic of this antenna
is ‘unimportant.

After a reverberating chamber is designed and its basic
characteristics determined as outlined in this section, the
radiated susceptibility measurements can be performed by
placing the EUT at the test zone, routing its control cables
to monitors outside the chamber, and preventing leakage to
the exterior environment by using proper filtering processes,

PROCEEDINGS OF THE IEEE, VOL. 73, NO. 3, MARCH 1985



st field has, of course, to be generated first
g p’bwer to the transmitting antenna. The de-
vel may be established, as requlired, by gradu-
“isasing the input power. The EUT's operation is
“for malfunction while the tune;/sturrer is rotated
i a complete revolution. The_ rotating rate should be
‘enough to aIIOW'sufﬁci_ent time for the EUT _to re-
4 to the change in test field level. If a malfuln_ctoon of
isi'bbserved for a particular tuner/stirrer position, the
& Zstirrer should be stopped and the net power to the
smitting antenna should be reduced until the malfunc-
ceases. The test results are then recorded and the test
'céeds to the next frequency, etc., until the test is com-

5pO
E

pleted. .
Radiated emission measurements are performed in a fash-

jon reciprocal to susceptibility measurement or by .using a
substitution technique. In this case, the transmitting an-
tenna is removed from the chamber because the EUT itself
is the radiator. The power received by the reference an-
tenna may be measured and used to determine the total
power radiated by the EUT with the aid of the chamber
guality factor (27), or the equivalent radiated far field by
(28). Alternatively, the power radiated by the EUT may also
be determined by meaturing the equivalent power applied
to a transmitting antenna substituting for the EUT, pro-
vided, of course, the same power is received by the refer-
ence antenna,

V. MICROWAVE ANECHOIC CHAMBERS

Microwave anechoic chambers are frequently used for a
great variety of indoor EMC/EMI measurements and an-
tenna calibrations. The NBS chamber is shown in Fig. 26.
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Fig. 26. A side view of the NBS anechoic room. The out-
side width is 6.7 m.

Rectangular pyramidal horns are used as sources of cham-
ber illumination for frequencies above 500 MHz, and open-
end waveguides (OEG) antennas are used below 500 MHz.
The source antenna is positioned at the access doorway
with its aperture in the plane of the absorber points on the
chamber wall. A probe or other receiving antenna is carried
by a cart mounted on precision tracks under the measure-
ment axis, which can be moved 5 m longitudinally by a
stepping-motor-drive system. The gaps in the absorber to
accommodate each rail are 20 cm wide. This particular
chamber was designed mainly to generate standard fields at
1- t0 5-m separation distances for test antenna apertures
less than A/2 in diameter, for the purpose of calibrating
radiation-hazard meters in the frequency range of 200 MHz
to 40 CHz!

MA et al.; EMC/emi MEASUREMENT METHODOLOGIES

The prime requirement for an anechoic chamber in gen-
eral is that a plane-wave field be produced to simulate a
free-space environment over a test volume (inside the
chamber) of dimensions sufficient to perform the test. This
volume is frequently referred to as a quiet zone. For mea-
surements involving high-gain antennas, this reflection-free
quiet zone may be many wavelengths in diameter. The
reflectivity level in the test zone serves as.a measure of the
chamber quality. This reflectivity level can be checked by
measuring the relative insertion loss versus separation dis-
tance between a source antenna and a probe [10}. If the
anechoic chamber is a perfect free-space simulator, the
relative insertion loss varies with distance according to the
free-space transmission formula [62]

R/P = GGy (N/4md) (29)

where £, is the net power transmitted by the source an-
tenna in watts, P, is the power received by the probe in
watts, G, and G, are, respectively, the near-zone gains of
the source and probe antennas, d is the antenna separation
distance in meters, and A is the wavelength in meters.
Notice that the near-zone gains are involved because the
source antenna and probe are, for the NBS chamber, placed
within the near zones of each other. {On the other hand, if
the probe is separated by a far-zone distance from the
source antenna, G, and G, in (29) are just the ordinary
antenna gains.]

The quality of the N85 chamber is evaluated by compar-
ing the measured relative insertion loss and computed
transmission loss over the 5-m distance. The relative losses
rather than the absolute losses are compared because it is
rather difficult to measure the gain product G,G, with mare
accuracy than the reflection error in the chamber, For
measuring relative insertion losses, the probe (short dipole)
gains are assumed to be constant with separation distance.
This assumption is justified by the fact that the probe
aperture dimension is much {ess than A/2 and the near-
zone/far-zone boundary is on the order of A/(2w). The
gain of pyramidal horns is, however, calculated using the
finite-range equations [63]. Based on Schelkunoff's deriva-
tion for the near-zone gain of a pyramidal horn, an im-
proved expression which includes the reflected and dif-

- fracted fields from the horn interior and double diffraction

at the aperture may also be used [64].

For the OEG antennas, mathematical formulas by modify-
ing the Stratton—Chu formula [65] are available for calculat-
ing accurately the far-zone electric- and magnetic-plane
radiated fields. The forward near-zone power patterns can
be ‘determined from these far-zone fields by use of the
plane-wave scattering-matrix approach [66]. The integral of
this near-zone power pattern then yields the near-zone gain
b7 {e8.

In the above calculations, it is assumed that the input
impedance of the source and probe antennas and the
power transmitted by the source antenna all remain con-
stant. Typical results are presented in Figs. 27 and 28. Fig. 27
gives data for 200 MHz with an OEG (WR 3600) as the
source antenna, and Fig. 28 shows data for 517 MHz with a
horn antenna (SA 12-0.5) as the source. Clearly, the experi-
mental results show excellent agreement with the-calcu-
lated ones. The deviation between the two for low frequen-
cies such as that displayed in Fig. 27 for 200 MHz is
beliaved due ta reflections or scattering from the cart,
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Fig. 27. Measured relative insertion loss between source
and probe antennas (b) versus separation distance with
free-space transmission loss curve (a) fitted at 1 m;
frequency = 200 MHz; OEG as source antenna.

1

, mm‘m/
1

©

Relative Insertion Loss, 83

I T S

Fig. 28. Measured relative insertion loss between source
and probe antennas (b) versus separation distance with
free-space transmission-loss curve (a) fitted at 1 m;
frequency = 517 MHz; horn antenna as source.

which is estimated to range from 0.5 dB at 200 MHz to 0 dB
above 400 MHz, for a 1-m separation distance. Information
on the VSWR of the chamber can also be extracted from
this relative insertion-loss plot. Rear-wall reflections and
source-to-probe interactions are often resolvable, but re-
flections from the ceiling, sidewalls, and floor are difficult
to identify at frequencies below 500 MHz because the
VSWR period is too long.

Additional potential error of the standard field generated
in the test volume arises from the uncertainty in net power
delivered to the source antenna. To compute more accu-
rately this net power, we currently use the measuring sys-
tem shown in Fig. 29, enabling us to measure the incident
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Fig. 29. Measuring the net power to a standard anteina.

and reflected powers with a dual directional coupler. The
port terminations and numbering in Fig. 29 are as follows:

" 1. power metér to monitor forward power
2. power meter ‘to monitor power reflected from the
standard transmitting antenna
3. RF CW generation
4. standard transmitting antenna.

The net power delivered to a standard transmitting antenna

is the difference between. incident and reflected powers
{69]

Pne: = ﬁnc - Pxeﬂ

N EN
= — 2] 5,1‘ 2
ToOF |3 18(5,T)|
L e (0
1= lrzlz '-52412

where £ and B are, respectively, power meter readings at
ports 1 and 2, T; and T, represent the corresponding reflec-
tion coefficients observed looking into power meters 1 and
2, §; is the scattering parameter defined as the ratio of the
complex wave amplitude emerging from port i to that
incident on port j, and g($,T) and A(S,T) are functions of
the system S-parameters and the reflection coefficients of
ports 1, 2, and 4 [69].

For an ideal coupler, i.e., zero reflection coefficients for
all coupler input ports and infinite directivity (S, = 5,, =
S33 = 54 = 54 = Sy = Sp3 = 53, = 0), and for a matched
power meter 1 (I} = 0), it can be shown [69] that g(5,T) =
h(5,T) = 1. Unless the phases of the system S-parameters
and the reflection coefficients are well determined, g(5,T)
and h(5,T') are not calculable. The extent of deviation from
unity is, therefore, taken to be an error contribution.
© From (30), we see that the terms 53,/5;; and 1/S,, need
to be measured in order to determine the net power.
Although we could measure the magnitudes of S5, Sy,
and 53, with a network analyzer, the system developed
here for establishing standard fields is a self-calibrating
system, which utilizes a standard short circuit and a matched
termination. When a short is placed at port 4 (T, = 1), the
ratio of power measurements A and P, gives

B |S5uSulf1-IDP,
e e e R 31
P.} 513 1= |T‘.,!2 ( 1) ( )

where A, is a small quantity much less than one, caused by
directional coupler imperfections. Thus the term A, and
uncertainty in the power ratio measurement £,/P, make up
the uncertainty in determining |5,4,554/53% The next step
is to replace port 4 with a well-matched power meter and
measure P, and P,. The ratio gives

2
P _|Sal1-IP
=2 L0 (g 4 4,). 32
P |5 1—|I‘4|2( 2 (32

Again, the small error A, and uncertainty in the power ratio
measurement P, /P, constitute the uncertainty in |S;3/55,%
From (31) and (32), values for {1/5,,> and |$)3/53,)% are
obtained. These may then be substituted into (30) to com-
pute the net power. Thus an accurate calculation of the net
power delivered to the source antenna and its near-zone
gain more precisely determine the relative insertion loss of
the anechoic chamber.

The major’ disadvantage associated with an anechoic
chamber is its construction cost. Recent studies have led to
the conclusion that an opportunity exists to extend the
low-frequency range limit for anechoic-type chambers. Such
chambers would be constructed using techniques similar to
those for anechoic rooms—that is, they would be shielded
and’ lined with absorbers. However, in order to achieve
economy in size and cost, such chambers would no longer

PROCEEDINGS OF THE IEEE, VOL. 73, NO. 3, MARCH 1985



74 been designated as absorb.er-
utilization of ALC for evaluating
usceptibility has been discussed [70].

PMENTS OF ELECTRIC- AND MAGNETIC-FIELD

measure guantitatively the EM er.\vironment, a
or probe, with an RF detector is often used.
<5 the RF field, the probe produces a dc voltage
hich can be processed through the associated
tation to indicate the field level. Currently, there
o‘i.(i‘nds of probes available, one s.ensling the electric-
trength and the other the magnetic-field strength‘.
““Two types of instrumentation are r}ormall?/ used in a
feceiving system: one is the conventional field-strength
meter consisting of a tunable meter or speFtrum analyzer
ind a single antenna, which must be oriented for the
desired field polarization. This kind of receiver generally
offers high sensitivity and selectivity, and is not designed as
a portable instrument for making quick surveys of the EM
environment. The receiver thus acts as a frequency-selective
voltmeter. The required conversion factor between the an-
tenna pickup voltage (volts) and the electric-field strength
(volts per meter) is the antenna factor. It must be de-
termined experimentally for each -antenna used in the sys-
tem, at each frequency and orientation by calibrating the
antenna in a known standard field.

The other type of instrumentation employs a nontunable
sensor characterized by lower sensitivity but broad-band
response, The antenna involved in this latter type preferably
has a flat response over a wide frequency range and a
nondirective pattern. It is generally designed for measuring
relatively high-level fields exceeding 1 V/m, such as the
region close to a transmitting antenna. The frequency of in-
terest is generally above 300 kHz. Thus it can convenient-
ly be used to assess a microwave hazard environment.

oraer.to’
ntenna,

Earlier Models

The program carried out at NBS in the past was to
develop various probes in the frequency range of 100 kHz
to 18 GHz for measuring electric-field intensities of at least
0.1 V/m, or measuring magnetic-field intensities of 0.25
mA /m or more. The design principle of early probes was
primarily based on temperature rise due to the absorption
of RF energy [71]. Field strength ‘was indicated either by the
changing color of a liquid-crystal material, the change of
resistance in a lossy dielectric, or by a glowing neon gas
inside a miniature glass bulb located at the center of the
sensor. Other types of probes developed at NBS include
center-loading a short dipole with a miniature incandescent

bulb about 2 mm long or a thermocouple heater {72]. The

current induced in the bulb or heater by the field was then
used as a measure of the field strength. All of these early
models lacked adequate sensitivity, quick reaction time,
good stability tor calibration over a long period of time,
dependable corrections for variations in ambient tempera-
ture, and thus satisfactory measurement repeatability.
Another early probe developed at NBS was an “active”
antenna system consisting of three orthogonal dipoles, each
sensing one component of the field (x, y, or z) [73]. This
arrangement avoids requiring physical rotation of the probe.
Because the dipoles are perpendicular to each other, the

MA et al.; EMC/EMI MEASUREMENT METHODOLOGIES

mutual-coupling effect is relatively insignificant. This sys-
tem was designed for the frequency range of 15 kHz to 150
MHz. The dipoles, all electrically short over the entire
frequency range, are connected to a conventional tunable
RF receiver by a fiber-optic link. The antenna pickup is
amplified first and then applied as modulation to the in-
frared (IR) output of a high-speed light-emitting diode
(LED). The system is considered active in the sense that the
RF signal is amplified before detection or modulation pro-
cess. The modulated IR signals are guided through glass
fibers to avalanche phuludiodes in the metering unit. These
glass lines provide essentially perfect electrical isolation
between the sensing antennas and metering unit. Photode-~
tectors recover the total RF modulation from the IR carrier
for input to the RF receiver. The readout indication at each
frequency is proportional to a single component of the
probed electric field. A root-sum-square (rss) circuit is also
incorporated in the system to give the total magnitude of
the three field components.

The most important advantage of this probe is that com-
plete signal information can be recovered, including not
only the signal strength but also frequency and phase
characteristics. The sensitivity of this system is also ade-
quate. It may be noted that the probe sensitivity decreases
rapidly above the designed upper frequency limit of 150

“MHz with no unwanted enhancement at the dipole self-

resonant frequerncy. One of the disadvantages is the rather
low dynamic range. In fact, both the tangential sensitivity
and linear dynamic range depend on the tuned frequency,
noise figure, and bandwidth of the auxiliary receiver in-
cluded in the system. Another disadvantage is the limited
upper frequency caused by the limitation of LED speed.
[However, heterodyne conversion employing an RF local
oscillator inside the active dipole could be used to achieve
higher effective signal frequency, but this approach has not
been pursued.] In addition, the switching speed between
measurements of the three field components is relatively
slow because only one RF receiver was used for all three
dipoles. The level of spurious responses and intermodula-
tion distortion is also rather high.

Recent Models

One of the recent probes developed at NBS is the broad-
band, isotropic, real-time, electric-field sensor (BIRES) [74],
[75]. This probe covers a much broader frequency band,
typically from 10 MHz to 1 GHz, also using three orthogo-
nal dipoles. Each dipole is fabricated by depositing a thin
film of metal alloy with varying resistivity on a glass rod.
The alloy, which consists of approximately 70 percent nickel,
15 percent chromium, 10 percent iron, 2 percent titanium,
and others, has a high resistivity and low temperature
coefficient. The glass rod, 15 cm long and 0.7 cm in diame-
ter, serves as a substrate for the deposited film. The antenna
becomes a half-wave dipole at approximately 1 GHz. The
required resistive loading is about 53 ki2/m at the center of
each dipole, 10 k§2/m at midpoint between the center and
ends, and infinite at the ends of the dipole. It is possible to
calculate the required thin-film thickness. Typically, this is
about 240 nm at the center, 100 nm at the midpoint, and
zero at the ends.

- Because the tapered resistive loading makes the internal
impedance per unit length a proper function of position
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along the dipole, the resulting current distribution on the
antenna is a pure outward-traveling wave. Hence the probe
has linear amplitude and phase responses over a broad
frequency band, and as such may be used to measure fast
time-varying signals with minimum pulse-shape distortion.
The probe also has a filtering action so that EM signals
outside the désigned frequency range will be rejected,
preventing out-of-band responses. In addition to amplitude,
phase, and frequency, the probe also provides polarization
information of the EM environment.

The BIRES probe uses metal coax cables to convey RF
signals from the antenna to the metering unit. Thus the
electrical isolation of the antenna and resulting isotropy is
not as good as the other probes discussed previously. Be-
cause the RF signal voltage delivered to the conventional
50-8 receiver from the dipoles is not independent of signal
frequency, an RF shaping amplifier is incorporated in the

system for frequency compensation. The tangential sensitiv- -

ity and linear dynamic range also depend on the signal
frequency and bandwidth of the auxiliary receiver used.

Quite often, the regions being measured are close to
radiating sources. In such cases, the field structure is very
romplicated, including reactive (stored) and real (propa-
gated) components, standing waves, unknown phases, and
unclear field polarization. The most practical manner of
surveying this kind of field environment is to use isotropic
RF probes, independent of orientation and the direction of
wave propagation, as hazard meters. It is important that the
probe be small in size and thus be able to resolve the
spatial variations in field strength. Furthermore, the field
being surveyed should not be perturbed substantially by
the operator or equipment associated with the measure-
ment. The end result of meeting these requirements is
represented by the NBS' development of an “isolated”
probe system [76]. A typical response at 20 dBV/m
(10 V/m) of the NBS isotropic electric-field monitor (EFM-5)
is shown in Fig. 30, A family of NBS designed electric-field
strength meters using isolated probes has been adopted as
commercial meters by private industry.
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Fig. 30. Typical response of the NBS isotropic electric-field
monitor (EFM-5).
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The probe consists of three short dipoles mounted or-
thogonally in three notches cut near the end of a plastic
tube. The dipoles are then embedded in a foam sphere 10
cm in diameter. The difference in transmission line be-

tween this probe and the BIRES discussed earlier is that this
probe unit employs three high-resistance plastic twinleads
inside the dielectric handle to bring the dc voltage to the
receiver. These lines also act as RC low-pass filters for the
demodulated signal coming from the dipole. Nonlinear
circuitry included in the metering unit can be used to give
the rss value of the three perpendicular field components at
the measuring point, t6 represent the total effect of all
electric field components, all polarizations, all arrival direc-
tions, and all frequencies within the passband of the an-
tenna/filter combination. The unit also includes switches
to permit measurement of a single field component only,
allowing a choice of measuring either the average or peak
amplitude of modulated signals. Typical applications for
this probe system are 1) measurement of possible RF hazards
caused by diathermy equipment, industrial RF heaters, plas-
tic sealers, and near fields of transmitting antennas; 2)
survey of ambient fields for low-level RF pollution caused
by AM, FM, TV, CB, and other broadcasting services; 3)
check of EM fields in sensitive areas containing electro-
explosive devices or flammable fluids; and 4) check of field
strength in sites having instruments which may be degraded
by the presence of RF radiation.

Although the isolated probe has a fairly flat response over
the designed frequency range of 0.2 MHz to 1 GHz, it is
found that it also responds to high frequencies. Therefore,
Rl fields due to harmonics and other frequencies all con-
tribute to the meter indication. Also, the measurement
accuracy is normally reduced for pulsed fields that have
pulsewidths lower than 0.3 ms, because of the limited
charging time of the RC filter line included in the system.

“In addition, a possible erroneous increase in meter indica-

tion occurs when measuring multifrequency fields.
Another isotropic probe (MFM-10) for measuring pri-
marily magnetic-field intensities was developed, based on

“the same principle and incorporates much of the instru-

mentation used for the isolated electric-field probe de-
scribed above [77]. Three small orthogonal loops were used
instead of short dipoles. It provides near-zone measure-

‘ment of magnetic fields over a dynamic range of 0.1 to 12

A/m with a relatively flat response in the frequency range
of 300 kHz to 100 MHz. it also is capable of measuring each
6f the three orthogonal field components in addition to the
total field magnitude.

The mechanical and electrical configurations of an in-
dividual loop in this probe are illustrated in Fig. 31. The
internal portion of each loop is composed of 5 turns of wire
with a detector at the loop center and a filter capacitor G
connected between the two ends. The diode, D;, provides
rectification of the RF signal induced in the loop. The diode
shunting elements, R, and G, help produce a flat frequency
response. The values of R,, C,, and C; are critical to the
proper shaping of this response. A normalized response
curve given in Fig. 32 shows that the maximum variation
with frequency is less than +1 dB.

Two subsystems have been developed to be used with
any of the broad-band isotropic probes. One of them uses
the fast Fourier transform (FFT) technique [78]. During each
measurement, the total amplitude of antenna pickups over
a given frequency band is recorded on a high-speed tape
recorder in the time domain. These recordings are later
analyzed with a computer by FFT processing to obtain a
three-dimensional display of field strength versus frequency,
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Fig. 32. Normalized response curve of MFM-10.

with time as a third parameter. This device, therefore,
enables an analysis of changes of the spectrum occupancy
with time. Another subsystem provides a microprocessor
control for rapid data acquisition of three orthogonal field
components and the total field amplitude [79], [80). Both of
these approaches require previous calibration of the an-
tenna factors involved.

Future Models

A shortcoming of most isotropic broad-band probes is
the relatively long response time of the RF sensor. it would
be impossibie or difficult to measure directly the peak-to-
average ratio of a modulated field or the momentary maxi-
mum envelope intensity in the beam center of a scanning
antenna. It is often advantageous or desirable to have the
capability for observing the modulation on a signal being
measured. In addition, the biological importance of measur-
ing peak levels of RF pulses has not been established partly
because the measuring instrumentation is not yet commer-
cially available. To make up for this shortcoming, a new
system employing laser diodes, single-mode fiber-optic
guides, and optical modulators to replace the conventional
coax cables in any of the isotropic broad-band probes is
being developed. Initial results are very promising. This
approach could recult in an EMI meacuring antenna with a
short response time, much broader bandwidth, and good
sensitivity. ’

To date all the practical field strength meters measure
cither the electric field or magnetic field separately. A new
probe is being developed at NBS to measure the electric
and magpnetic fields simultaneously so that an EM environ-
ment may be characterized more compietely [81]. This type
of probe is particularly needed for measuring the near field
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where the magnitude and phase angle of the wave imped-
ance are unknown, and the electric- and magnetic-field
vectars are not necessarily orthogonal to each other nor in
the same time phase. Thus the new device is intended to
measure not only the polarization ellipse of the field vec-
tors in a near-field environment, but aiso the time-depen-
dent Poynting vector to indicate the energy flow. The probe
consists of three electrically isolated doubly loaded loops
with the capability of measuring the sum and difference of
the detected voltages at the two opposite ends of each
loop. A diagram of a single loop with equal loads of Z, is
shown in Fig. 33. Currents developed in the loads corre-

Fig. 33. A single loop with equal loads in a new probe for
measuring simultaneously the electric and magnetic fields.

spond to the electric-dipole and magnetic-loop responses.
More precisely, across one load, the electric response adds
to the magnetic response, while across the other load, the
electric response subtracts from the magnetic response. To
separate the currents, a 0°/180° hybrid is used to obtain
the sum and difference of the currents. Thus the sum
current Iy gives a measure of the magnetic field, whereas
the difference .current f, gives a measure of the electric
field. .

The calculated sum and difference currents in a loop with
a load impedance of 200 @ are presented in Fig. 34. The real
part of the currents increases with frequency up to about
200 MHz. The magnetic-ioop current is larger than the
electric-dipole current up to 100 MHz, while the electric-
dipole current becomes more dominant above 100 MHz.

10-3 ===}Theory
»——s Exparimantat
mi, (no-mu)—,y’
Iml(positive) —5 |l /
|
10-4 :l
< tm1; (negative)
H
E
3
o

100
1 10 100 1000

Frequency MHz

Fig. 34. Magnetic-loop (/5) and electric-dipole (Jy) cur-
rents of a loop antenna with Z, = 200 £.

407



Fig. 35. An experimental loop model for measuring simul-
taneously the electric and magnetic fields.

An experimental loop model with a radius of 0.16 m and
wire radius of 0.02 m is shown in Fig. 35. This loop is doubly
loaded with 200 € by using 4:1 baluns and 50-Q resistive
loads. Zero-bias Schottky diodes are used as detectors, with
high-resistance plastic transmission lines connecting the
loop and high-impedance dc voltmeter. Measured values of
the real part of /5 and I, for this loop placed in a TEM cell
with a known incident electric field of 1 V/m are included
in Fig. 34. Although there is some discepancy belween the
theoretical and experimental results, which may be associ-
ated with the balun impedance, the preliminary results
indicate the validity of the theory..

Fig. 36 shows the real parts of the magnetic-loop and
electric-dipole currents as a function of load impedance at
10 MHz. It reveals that there is a critical load impedance, for

1074
C
[ =10 MHz
1075
< b
1
g 10-..'_—
b -
3 3
107 \
1078 :
0 200 400 600 800 1000 1200 1400

ZL , ohms

Fig. 36. Real parts of magnetic-loop and electric-dipole
currents of a loop antenna as a function of load impedance

at 10 MHz.

408

example 260 £ at 10 MHz, for which the two currents are
equal. Below this critical impedance, the magnetic-loop
current is greater than the electric-dipole current. Above
this impedance, the reverse is true. Critical load impedance
has only a slight frequency dependence, ranging from 200
to 260 Q for the frequency range of 1 to 100 MHz [81].

Diode Model

Some of the probes described earlier use. a diode to
convert the electric field being surveyed to a dc voltage.
The main advantage of including a diode is to make the
frequency response of the probe very flat, so the system can
be used as a portable and compact hazard meter. Other-
wise, since the input impedance of a probe (short dipole)
without a diode is mostly capacitive, the antenna factor for
such a probe is, in accordance with (1), frequency sensitive.
It would be difficult to determine the unknown field
strength without also detecting the frequency by a spec-
trum analyzer.

A beam-lead Schottky-barrier diode is usually chosen for
this purpose. It has good high-frequency performance due
to a small junction capacitance, high sensitivity, and low-
noise characteristics. When an electrically short dipole is
terminated with such a diode, the effect of loading may be
analyzed by the simple Thévenin’s equivalent circuit shown
in Fig. 37, where the induced open-circuit voltage Vi(t) at

! 1
0.2 I

1 A 2 !

9- o]
c' | (" I
L olf

% | _
v,(t) 'D.slpf Cd‘qdkd | vo(t)

| |
i |

— —] o
ELECTRICALLY- | BEAM LEAD SCHOTTKY
SHORT DIPOLE : BARRIER DIOOE |
] 1

fig. 37. Thévenin’s equivalent circuit of a probe-diode sys-
tem.

the diode terminal is given by

vi(t) = Einc(t) A (33)
with £, as the tangential incident electric field, and 7, the
effective length of the dipole. The element C, in Fig. 37 is
the equivalent driving-point capacitance of the short di-
pole, and the parallel combination of capacitance Cy and

Sresents a simplified mode! of

noniinear resistanue Ry TEPIEsEnts a simpiilicd moaa:
the diode.

For an electrically short dipole, the effective length and
the driving-point capacitance are given respectively by [82]

h(Q -~ 1)

e=g-2+ms " (34)
and
2meqh
=9 5
G Q-2+ In4 (35)

where h is the half physical length of a dipole in- meters, €
is the free-space permittivity in tarads per meter, & is the
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ass factor defined by @ = 2In(2h/a), and a
[adius in meters. For example, when h = O(_)%
0)~% m, we have = 1450, £ =1.94(10)
— 0.10 pF. Note that the symbol & should not be
with the unit for a resistance.
urrent flowing through the nonlinear resistancg R,
iode may be characterized by its v—i relationship

i(1) = 1,(ex%® —1) .(36)

e 1, is the saturation cuirent, which is assumed in this
o be 2(10)™% A, V(1) is the voltage in volts across the
o junction, & =q/nKT=38 V™", q is the electron
ge [1.6(10)‘19 C), n'is the diode ideality factor [~ 1.05],
¥ is the Boltzmann’s constant [1.38(10)"3 /K], and T is the
“absolute room temperature [~ 290 K].

At frequencies approximately higher than 10 MHz, we
: obtain the detected dc voitage averaged over complete

wher

“cycle as [83]
' v o [ \/l ]2 - a{ezE?nc
0 411+ C/C, ) 4(1 + Cd/Ca)2
for a small sinusoidal induced steady-state voltage V, [< 1
v]; and

(37)

V,- — e {eEinc
%="iTC/C TTrcyc 9
for a relatively strong V; [> 1 V]. y

Thus V, is a square-law function of the incident electric
field £, when V<1V, and is a linear function of F;
when V. > 1V,

The frequency response of V, with £, =1 V/m for a
sample probe and diode system is shown in Fig. 38, where
the analytical solutions are obtained by solving a first-order
nonlinear differential equation in accordance with the
equivalent circuit shown in Fig. 37, while the numerical
solutions are achieved by using an approximate time-step-
ping difference equation [83). From Fig. 38, we see that the
frequency response is indeed very flat. The inverse of these
curves represents the antenna factor for the entire system.

VH. CONCLUDING REMARKS AND DISCUSSIONS

We have reviewed some EMC/EMI measurement meth-
odologies, which are of industrial interest. In particular,
measurements using thé facilities such as open sites, TEM.
cells, reverberating chambers, and anechoic rooms have
been addressed. Advantages and limitations for each of

o
T 1

these facilities, technical justifications, and considerations
for interpreting the measurement results have been dis-
cussed. A related topic of probes including modeling of
diodes which are parts of the probe system has also been
presented in order to determine the overall antenna factor.

To maintain adequate electric isolation but to reduce
strong signal reflections as those associated with the con-
ventional shielded rooms, buried or underground low-Q
enclosures may be used as an alternate means for per-
forming EMC/EMI tests. Existing or natural underground
caves, mine tunnels of sufficient depth below the earth
surface, or fabricated buried rooms with a limited over-
burden constructed from layered soil materials may belong
to this category.

" One topic of future importance but exceeding the scope
of this paper is the measurement involving whole systems
of large objects. If every component of the system were
independently powered and operated, the system overali
EMC/EMI characteristics, whether considered from emis-
sion or susceptibility points of view, would probably not be
changed. However, wiring harnesses, component metallic
structures, and interconnecting cables tie all components
together to form a very interactive system, which couples
energy at its own natural resonant frequencies. Whole-
system testings are then necessary to evaluate the system
response to determine whether the various components
can function_ properly in the system environment. New
facilities allowing such a testing and interpretation of the
measurement results will be a challenge for future activi-
ties. ’

Theoretical and practical studies concerning EMC/EMI
measurements of broad-band pulsed signals are another
important area needed to be addressed, since sume elec-
tronic devices and systems are more susceptible to short-
duration impulse interference than CW interference.

A third important area relating to EMC/EMI studies is the
methods involved in processing the measurement data. In
general, because of the complexity of EM fields, no
meaningful conclusion may be drawn based on a single test
result. Simple average technique or more sophisticated stat-
istical means such as two-sample variance analysis, ampli-
tude probability distribution (which is commonly used for
analyzing the performance of communication systems),
average cross rate, interpulse spacing, and pulse duration
distributions for the impulsive EMI, depending on the ac-
tual situation at hand, may be used for data-processing
purpose [84].

m
S ) e ) —s
- *
M Z ‘-\
w
H
£ —— NUMERICAL SOLUTION
g’: ompemgee ANALYTICAL SOLUTION
I
-
@
=]
o
2
oo =60
-70! i 1 1 1 | 1 l'
1¢* 10* 0° 10® 1o 108 10° 10'°

Frequency, Hz

Fig. 38, Frequency response of a typical probe~diode system with £, =1 V/m.
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